Abstract: Different Chlamydia trachomatis strains are responsible for prevalent bacterial sexually-transmitted disease and represent the leading cause of preventable blindness worldwide. Factors that predispose individuals to disease and mechanisms by which chlamydiae cause inflammation and tissue damage remain unclear. Results from recent studies indicate that prolonged survival and subsequent death of infected cells and their effect on immune effector cells during chlamydial infection may be important in determining the outcome. Survival of infected cells is favored at early times of infection through inhibition of the mitochondrial pathway of apoptosis. Death at later times displays features of both apoptosis and necrosis, but pro-apoptotic caspases are not involved. Most studies on chlamydial modulation of host-cell death until now have been performed in cell lines. The consequences for pathogenesis and the immune response will require animal models of chlamydial infection, preferably mice with targeted deletions of genes that play a role in cell survival and death.
INTRODUCTION
Chlamydia trachomatis is the most common agent of bacterial sexually-transmitted disease (STD) in the world. In the U.S., 4.2% of young adults are infected [1] , with prevalence rates of 5-25% being reported in sexually active teenagers [2, 3] . Infection with genital serovars leads to complications such as pelvic inflammatory disease (PID) and infertility. C. trachomatis also includes the trachoma serovars, which are the leading cause of preventable blindness worldwide [4] . Chlamydia pneumoniae leads to airway infection and has been found in some cases of atherosclerosis [5] .
Bacteria of the genus Chlamydia have evolved to take advantage of the inherently nutrient-rich environment available within eucaryotic cells. Chlamydiae develop through a biphasic cycle within a membrane-enclosed vacuole in the host cell called an inclusion. Chlamydiae infect initially as metabolically-passive elementary bodies (EB) before maturing into larger metabolically-active reticulate bodies (RB), a process unique to chlamydiae [6] . RB are non-infectious; therefore propagation of infection requires recondensation into EB [6] [7] [8] . The timing of this development is crucial: interruption during a stage dominated by RB would prevent completion of the infection cycle. During acute infection, the RB multiply by binary fission to produce many more progeny, up to 1000 from a single inclusion.
Chlamydiae depend on eucaryotes not only for sustenance, but for transmission as well. Chlamydiae influence host-cell activities through mostly uncharacterized mechanisms, but the discovery that chlamydiae possess and use a type III secretion system [9] [10] [11] suggests that some aspects of the modulation may be caused by secreted chlamydial effector proteins. The expanding chlamydial population can exert biochemical changes at the level of the individual host cell and indirectly through effects on the host organism. The pathology of infection is probably due as much to cytochemical damage induced by infection as an excessive hostimmune response [12] . An inflammatory response is required for the resolution of primary C. trachomatis infection, but chronic inflammation is also responsible for the scarring process observed in trachoma and chlamydial STD. Thus, a number of inflammatory mediators are present during infection, including interleukin-1 (IL-1 ) and tumor necrosis factor-(TNF-). TNF-and other inflammatory cytokines may aid in eradicating chlamydial infection, but also promote long-term tissue damage [13, 14] .
Cells of mucosal tissues infected by Chlamydia include epithelial cells, macrophages, fibroblasts and dendritic cells (DC). These cells express Toll-like receptors (TLR) that recognize specific pathogen-associated molecular patterns (PAMP), such as bacterial wall components (lipopolysaccharide (LPS), peptidoglycan (PG), lipoproteins), bacterial DNA, flagellin, and double-stranded RNA. Engagement of TLR by microbial products leads to production of biologically-active mediators, including antimicrobial peptides, cytokines and chemokines that participate in the inflammatory response [15] [16] [17] . Chlamydiae have several cell wall and outer membrane components that may be recognized by TLR. Chlamydial LPS and chlamydial heat shock proteins have been reported to be ligands for both the TLR2 and TLR4 receptors [18] [19] [20] [21] [22] [23] [24] . However, recent papers describe a dominant role for TLR2 in the recognition of C. pneumoniae [25] . Similarly, while both TLR2 and TLR4 are stimulated ex vivo during infection of peritoneal macrophages and lung fibroblasts by the mouse pneumonitis agent (MoPn) of C. trachomatis (also known as C. muridarum), only TLR2 is essential in development of pathology in chlamydial genital tract infection in mice [26] .
A predisposition to pathology such as PID has been noted in the past [27] , but factors that predispose some individuals to disease and mechanisms by which chlamydiae cause inflammation and tissue damage remain unclear. Although chlamydial interaction with TLR and cytosolic TLR-like receptors undoubtedly plays a role in initiation of proinflammatory cytokine and chemokine production, the mode of cell lysis at the end of the infectious cycle is also likely to have a profound effect on the host response. Two main types of cell death have been described, with variations on both extremes. While apoptosis is the predominant form of cell death in physiology [28] , cell death in the absence of apoptosis has also been observed. This form is commonly referred to as necrosis, although this concept probably encompasses several forms of cell death caused by different molecular events [29, 30] . One occasion where necrosis is found is in situations where a cell attempts to undergo apoptosis but is (for instance, experimentally) prevented from doing so [31] .
THE BASICS OF APOPTOSIS
Apoptosis, sometimes called programmed cell death, is a well-conserved process that multicellular organisms use for control of development and homeostasis, as well as the removal of cells recognized by the immune system as being infected or cancerous [28, 32, 33] .
Apoptosis can be induced through both extrinsic (death receptor pathway) and intrinsic (mitochondria pathway) pathways [34] [35] [36] [37] . Death receptor pathways are initiated by ligand binding to cell-surface receptors (for example, Fas ligand binding to Fas). Mitochondrial pathway signaling involves the activation of the proteins Bax and Bak that can permeabilize mitochondrial membranes (Fig. 1) . In most cases, both of these pathways require the release of mitochondrial cytochrome c and the subsequent activation of a group of cytosolic proteases, called caspases [38] . Cell death can also be induced in the absence of caspases, but authors disagree whether or not this should be called apoptosis [29, 39, 40] . Usually, the family of caspase proteases causes the death of the cell and the appearance of typical morphological changes such as chromosomal fragmentation and nuclear condensation. Caspase activity has been described as a cascade, with the activation of upstream caspases leading directly to the cleavage and subsequent activation of downstream caspases. Activation of caspase 3, for example, is mediated either by activated caspase 8 during death receptor signaling, or by caspase-9 in the case of signals transmitted through mitochondria (Fig. 1) .
The central step of mitochondrial apoptosis is the release of cytochrome c into the cytosol, which in turn binds to Apaf-1 and caspase 9 as part of a complex known as the apoptosome, the caspase-activating signaling complex (although many proteins are released from mitochondria during apoptosis and some can probably contribute to cell death and morphological changes, the importance of these proteins is uncertain [41] ). The release of cytochrome c is governed by Bcl-2 family proteins. This family consists of three groups of proteins: anti-apoptotic Bcl-2 like proteins, pro-apoptotic BH3-only proteins, and the multi-domain Bax/Bak group (Fig. 2) . The roles played by these proteins during programmed cell death will be discussed in more detail, as well as the intriguing characteristics of their involvement and outcome during infection of host cells with Chlamydia.
Two types of cells have been identified with regards to the requirement for a mitochondrial amplification loop during apoptosis. In type II cells, apoptosis inducers can activate caspase-3 only through a mitochondrion-dependent step. In type I cells, caspase-8 recruitment and activation by cell surface receptors can lead directly to caspase-3 activation without help from mitochondria [42] (Fig. 1) .
REGULATION OF APOPTOTIC SIGNALING BY THE BCL-2 FAMILY
The three groups of Bcl-2 family proteins share one or several Bcl-2 homology domains (BH1, BH2, BH3 and BH4) (Fig. 2) . The BH3-only protein group (possessing only BH3 domains) includes at least 8 members [43] . Roles in apoptosis initiation are clearer for some than others, and regulation of their activity has also been shown to be handled differently within the group. Different apoptotic stimuli are processed though different BH3-only proteins; for example, Bim is required for induction of apoptosis via microtubule perturbation, and together with Puma plays an essential role during apoptosis upon cytokine withdrawal in lymphocytes [44, 45] . Puma and Noxa are important for cell death induced upon recognition of DNA damage through p53 [46] . Upon cleavage by activated caspase 8, Bid acts as a connecting point between the death receptor pathway and the mitochondria pathway in type II cells. The function of some other BH3-only proteins has not been elucidated, but it is very clear that this group of proteins is required in most cases of apoptosis induction.
The regulation of BH3-only proteins is still under investigation. Bim and Bmf are probably at least in part regulated on a post-translational level by release from their sites of sequestration following their activation [47, 48] , although a mitochondrial regulatory step at least for Bim also seems to exist [49, 50] . Bad is dephosphorylated in the absence of survival signals, allowing it to dissociate from the cytosolic adapter protein 14-3-3 and migrate to mitochondria [51] . Bid is cleaved proteolytically to form the active tBid (truncated Bid) [52, 53] , while Puma and Noxa are regulated at a transcriptional level [54] [55] [56] . Activation of BH3-only proteins leads to activation of Bax and/or Bak, which cause cytochrome c release from mitochondria ( Fig. 1) . Antiapoptotic Bcl-2 like proteins (Bcl-2, Bcl-X L , Bcl-w, Mcl-1, A1) can prevent the activation of Bax/Bak, probably through direct binding of BH3-only proteins (for a recent review on the molecular function of BH3-only proteins see [57] ).
APOPTOSIS, NECROSIS AND THE IMMUNE SYS-TEM
Apoptosis is a "silent" mode of death, where the dead cell disappears without generating much of a response from neighboring tissue. Necrosis, on the other hand, elicits inflammation. Although this probably comprises a large array of molecularly distinct events, necrosis is often defined as any cell death that occurs that is not apoptosis (i. e., it does not involve activation of the apoptotic pathway). During apoptosis, the contents of the dying cell remain in membrane-bounded "apoptotic bodies", which detach from the dying cell and are subsequently phagocytosed by neighbor-ing cells, including macrophages, dendritic cells and epithelial cells [58] [59] [60] . But debris released from necrotic cells is recognized by specific receptors on the surface of macrophages, DC and epithelial cells that promote inflammation. Some of these debris molecules, which are normally present in the cytosol, Golgi apparatus or nucleus, are released into the extracellular space where they act as immune system "danger signals" (DS) [61, 62] . Originally, DS were thought to be restricted to molecules of microbial origin, such as LPS and bacterial CpG-DNA (also known as pathogen-associated molecular patterns, or PAMP [15, 63] ), but recent work has expanded the concept to include host-cell material released from dying or stressed cells, including ATP, adenosine, uric acid, heat-shock proteins and the chromosomal protein, high mobility group box 1 (HMGB1) [64] [65] [66] [67] . The difference in outcomes following apoptosis or necrosis are enormous for the immune response, and are especially relevant for their role during infection with microbial pathogens.
The mode of host-cell death could be regulated by either the host or the infectious organism. In the case of infection with different Chlamydia species, inflammation is required for elimination of infection, but is also responsible for much of the pathogenesis [68, 69] . It would thus appear that survival of the infected cell during chlamydial replication, followed by a noninflammatory, apoptotic death, could be beneficial to both the infectious organism and, to some extent, the host. However, the host would invariably benefit from a premature, apoptotic death of the infected cell, which would limit the ability of the pathogen to proliferate and must therefore be resisted by the pathogen.
CHLAMYDIA INTERFERES WITH HOST-CELL DEATH
Chlamydia has been described many times to either induce or inhibit host-cell death [70, 71] . Initially, the apparently contradictory activities of chlamydial infection were viewed as controversial [72] , although other intracellular pathogens, such as the herpes simplex viruses [73] , were known to exhibit both activities at different stages of the infection cycle. In some cases, it is possible to cleanly separate the two activities. Thus, modified vaccinia virus Ankara blocks apoptosis in infected cells. However, when the anti- Fig. (1) . The role of BH3-only proteins in resistance to apoptosis of cells infected with Chlamydia. BH3-only proteins are activated by extrinsic stimuli and trigger mitochondrial apoptosis by activating Bax/Bak, a process that may depend on Bcl-2-like proteins and is inhibited by high levels of these molecules. Chlamydiae interfere with the mitochondrial pathway of apoptosis, probably by targeting BH3-only proteins for degradation or inactivation, such as phosphorylation of Bad. Chlamydial infection does not inhibit death receptor-induced activation of caspase-8 in type I cells, which do not require an "amplification" loop in mitochondria, but lead to caspase-8 activation, and in turn, caspase-3 activation directly. All other cells rely on tBid-mediated release of cytochrome c and subsequent activation of caspases, both of which are inhibited by chlamydial infection. Significantly, chlamydial infection does not inhibit apoptosis when it is experimentally induced by over-expression of active Bim, demonstrating that chlamydiae inhibit only mitochondrion-dependent apoptosis. apoptotic protein F1L is knocked out, the virus induces apoptosis [74] [75] [76] . This demonstrates how a pathogen can possess pro-apoptotic activities that are masked by an antiapoptotic activity that is expressed at the same time.
In the case of chlamydial infections, some of the conflicting interpretations reported in the literature may be due to opposing activities (pro-and anti-apoptotic) being expressed at different levels at different times. Other discrepancies could be due to the use of different chlamydial strains or host-cell types [77] . And the appearance of conflict may have been aided by the fact that, until recently [78, 79] , separate laboratories were studying either the cell-death inhibiting or inducing activities of chlamydial infection, but not both activities.
Inhibition of Host-Cell Death
The first paper in 1998 described that C. trachomatisinfected cells are resistant to numerous experimental apoptotic stimuli, exhibiting inhibition of caspase activation and blockage of cytochrome c release from mitochondria [80] . Soon thereafter, we and others demonstrated that C. pneumoniae has a similar effect, being able to block apoptosis as well as cytochrome c release induced in infected cells [81, 82] . The observation that apoptosis due to death ligands was only blocked in type II cells (apoptotic signals requiring a mitochondrial amplification loop), but not in type I cells (caspase 3 being activated directly by caspase 8), further suggested that the chlamydial anti-apoptotic factor(s) exerts its effect at the level of mitochondria or a pre-mitochondrial step [83] . Since activation of Bax and Bak is required and sufficient to release cytochrome c from mitochondria in most cases of apoptosis studied until now, it was not surprising to find that Bax and Bak activation is blocked when Chlamydia-infected cells are treated with apoptosis inducers [84] [85] [86] . Although infection leads to the transcriptional induction of some cellular anti-apoptotic proteins [87] , these changes are probably not responsible for apoptosis resistance, since resistance is also observed when cellular translation is blocked during infection [80] . An explanation for these observations was found by characterizing the upstream members of the Bcl-2 family of proteins. Thus, although transcription levels were unaffected, the BH3-only protein Bim disappeared during chlamydial infection, and its disappearance could be prevented by addition of a proteasome inhibitor [84] . As discussed above, all BH3-only proteins share a small BH3 domain, and deletion studies demonstrated that the BH3 domain is required for targeting for degradation during chlamydial infection [84] . Subsequent studies confirmed and Fig. (2) . Domain structure and function of Bcl-2 family proteins. Bcl-2 family proteins are clustered into three groups, based on both structure and function. The anti-apoptotic proteins usually contain all four Bcl-2 homology (BH) domains. Pro-apoptotic Bax and Bak (also known as multi-domain proteins) contain BH-domains 1-3 and mediate cytochrome c-release from mitochondria. Mitochondrial apoptosis is initiated by activation of one or several BH3-only proteins, which share homology only in the short BH3-domain. The known mechanisms for activating BH3-only proteins are indicated.
extended these results by showing that all investigated BH3-only proteins are degraded in Chlamydia-infected cells [88, 89] . Importantly, chlamydial infection is unable to protect against experimental over-expression of active Bim, which still induces apoptosis [84] . Thus, no protection exists in infected cells against active BH3-only proteins, and the prevention of the generation of active BH3-only proteins (as occurs through degradation of BH3-only proteins) is probably a critical mechanism in terms of apoptosis inhibition.
Interestingly, Bid is also a member of the BH3-only protein family, and is normally activated via cleavage by caspase-8, generating a truncated form, called tBid. The BH3 domain is hidden in intact Bid, but becomes exposed in tBid [90] . While intact Bid remains unaffected, tBid is targeted for degradation during chlamydial infection [88] . The degradation of tBid thus suggests that the protein-degrading activity of chlamydiae is specific.
Although the loss of BH3-only proteins can explain many cases of apoptosis resistance, chlamydiae appear to possess additional strategies for protecting their host-cells against apoptosis. As revealed with host-cells infected at lower multiplicities of infection, chlamydial infection also results in activation of the phosphoinositide-3 kinase (PI3K) "survival pathway" [78] . During infection with C. trachomatis, activation of PI3K leads to Akt activation and in turn to phosphorylation of a pro-apoptotic protein, Bad (Fig. 1) . Bad belongs to the BH3-only protein family, and is thought to function at the level of mitochondria by binding to some of the anti-apoptotic Bcl-2 family proteins [91] . However, phosphorylated Bad is co-localized with 14-3-3 on the C. trachomatis inclusion, which is recruited via a chlamydiaencoded inclusion protein, IncG. Bad is thus sequestered away from mitochondria, where it could induce host-cell death. Interestingly, this effect is observed when cells are infected with C. trachomatis but not C. pneumoniae [78] , because C. pneumoniae does not express IncG, nor does it recruit 14-3-3 to the inclusion [92] . Furthermore, inhibition of PI3K reverses the resistance to apoptosis in C. trachomatis-but not C. pneumoniae-infected cells [78] .
Another pro-apoptotic molecule, protein kinase C (PKC ), a member of the protein kinase c (PKC) family, is found on mitochondria and in the nucleus. During cell death, PKC accumulates on mitochondria, where it promotes cytochrome c release [93] . It was shown recently that an increase in diacylglycerol levels on the chlamydial inclusion vacuole recruits PKC away from its conventional targeting site [94] . Taken together, Chlamydia infection leads to inhibition of several mediators of apoptosis at pre-mitochondrial steps, resulting in BH3-only protein degradation, and Bad and PKC recruitment by the chlamydial inclusion, thus promoting survival of the host cell (Fig. 1) .
To our knowledge, BH3-only protein degradation has not been described during infection by other pathogens, but several viruses, bacteria, and protozoan parasites are known to enhance host-cell survival through activation of the PI3K pathway [95] [96] [97] [98] [99] [100] [101] [102] .
The Role of NF-B in Apoptosis Inhibition Induced by Chlamydia
Members of the transcription factor family, NF-B, are key regulators of the expression of many genes involved in immune regulation [103] . NF-B is also critically involved in the inhibition of cell death, as demonstrated by the lethal effects of massive liver apoptosis in mice lacking the NF-B subunit RelA [104] . Although NF-B has transcriptiondependent anti-apoptotic activity, the molecular basis for this effect remains elusive. A number of NF-B target genes have been identified that could protect against apoptosis, such as the Bcl-2 relative Bcl-X L and the modulator of caspase-8 activation, cFLIP. However, the link between NF-B and anti-apoptosis in individual situations remains difficult to prove [105] . For instance, up-regulation of the member of the Inhibitor of Apoptosis Protein (IAP) family, cIAP2, through NF-B has been observed numerous times and has sometimes been equated with protection against apoptosis, especially given that Drosophila IAP and their viral counterparts can bind and inhibit caspases. However, recent work shows that human IAP do not block caspases [106] , and the reported anti-apoptotic effect of IAP therefore remains unclear.
During chlamydial infection, two questions have been addressed with regard to NF-B. First, is NF-B activated during infection? Secondly, does it block apoptosis during infection? Diametrically opposed results have been obtained with different cell types. Thus, strong NF-B activation has been observed in human monocytes and macrophages [107] , endothelial cells [108] and DC [25] , but has not been found in epithelial cells [81, 109] , although NF-B activation has been reported for persistent infection of epithelial cells [110] . This cell type specificity is probably due to differential ligation of TLR2 and TLR4 and consecutive NF-B activation by chlamydial components on some cells, especially from the innate immune system [19, 25] .
When activated by Chlamydia, does NF-B block apoptosis? Experimentally, it is not easy to address this question, since complete inhibition of NF-B, at least in macrophages, can kill the cells [111] . However, NF-B most likely does not participate in the profound protection against apoptosis that is observed after about one day of infection. Besides the fact that this protection is present in epithelial cells (in the absence of NF-B activation), protection has been observed in infected cells treated with cycloheximide, i.e. in the absence of host-cell protein synthesis [80] . It is therefore difficult to see how NF-B-induced genes could play a role in resistance against apoptosis. Nonetheless, opposite results have been reported for persistently-infected epithelial cells. Although cIAP2, but not cIAP1, was induced by persistent infection, silencing of either cIAP1 or cIAP2 removed protection against apoptosis of infected cells [110] . The mechanism for cIAP-dependent resistance against apoptosis during persistent infection therefore remains a mystery.
In summary, there is evidence that NF-B may be induced and perhaps exert an anti-apoptotic effect in some cell types. However, NF-B is not required for the potent antiapoptotic effect observed in Chlamydia-infected cells.
Induction of Host-Cell Death
Despite the ingenious means evolved by chlamydiae to prevent their host cells from dying, old and new studies have demonstrated that cell death is induced at the end of the chlamydial developmental cycle [79, 85, [112] [113] [114] [115] [116] [117] [118] . However, the molecular mechanism of cell death induced by in-fection still remains to be fully characterized. Importantly, activation of none of the known caspases has ever been observed during chlamydial infection [70, 71, 79] . However, either Bax inhibitor-1 or Bcl-2 overexpression can partly revert the death ratio [112] , indicating that there may be a mitochondrion-dependent but caspase-independent atypical apoptosis pathway involved in death of Chlamydia-infected cells.
Other forms of cell death such as necrosis and a morphologically and biochemically defined form termed aponecrosis were also proposed to describe some of the features of Chlamydia-induced host-cell death [85, 113] . We have recently analyzed Chlamydia-induced cell death in further detail and find several features that are commonly used to classify cells as apoptotic -namely, nuclear condensation and fragmentation, TUNEL staining, and some DNA fragmentation [79] . However, these changes occurred in the absence of activation of the apoptotic pathway. Importantly, there was no detectable release of cytochrome c and no activation of effector caspases [79, 112] . Paradoxically, despite the absence of cytochrome c release, there was less cell death during infection in Bax-deficient [79, 119] or Bak-deficient cells [79] than in wild-type controls. Based on these data, Chlamydia-induced cell death resembles apoptosis in some ways, but is the result of a mechanistically different process.
However, like other forms of cell death, phosphatidylserine is exposed on the cell surface [119, 120] , and the nonapoptotic cell death is sufficient to induce uptake of the infected cell by professional phagocytes such as DC [79] . Thus, Chlamydia-induced cell death may be relevant for the immune response by transmitting Chlamydia-derived antigens to professional antigen-presenting cells. Furthermore, it may impact the innate immune response. For instance, the pro-inflammatory mediator HMGB1 is normally associated with chromatin in viable or apoptotic cells, but becomes released during necrosis [121] . HMGB1 was released during chlamydial infection in an epithelial cell line but not in primary fibroblasts, and HMGB1 was also shed in genital-tract secretions of infected mice [85] , suggesting that the form of cell death may depend partially on the host-cell type, but at least some necrosis may occur in vivo.
Since the initial description of caspase-independent hostcell death during chlamydial infection [122] , a similar type of cell death has been described for cells infected by other pathogens, including Staphylococcus aureus, Streptococcus pneumoniae, Mycobacterium tuberculosis, rabies virus, and herpes simplex virus 1 [123] [124] [125] [126] [127] .
IMMUNOLOGICAL SIGNIFICANCE OF CELL DEATH DURING CHLAMYDIAL INFECTION
Inhibition or induction of host-cell apoptosis has been reported for many viral, bacterial and protozoan pathogens and is thought to play an important role in propagation or pathogenesis of infection [128] [129] [130] . There is every reason to believe that the outcome of chlamydial infection will also depend on modulation of host-cell death.
Chlamydiae are obligate intracellular bacteria that can replicate only in the infected host-cell, with the host cell providing protected space and essential nutrients for the bacteria [6, 131] . But it still remains to be established how apoptosis modulation could be used to favor or hinder chlamydial infection. It has been proposed that inhibition of apoptosis may allow the Chlamydia-infected cell to avoid the cytotoxic mechanisms of the host-immune system [80] ; but with the exception of a preliminary report that Chlamydia-infected cells are resistant to killing by a cytotoxic T lymphocyte (CTL) cell line [80] , all studies have shown that cells infected with Chlamydia are sensitive to lysis by Chlamydiaspecific CTL [132] [133] [134] [135] [136] [137] [138] [139] . An obvious alternative would be that any host cell that harbors a large chlamydial inclusion would be prone to die, and the chlamydiae must therefore protect the host cell from succumbing to stress-induced apoptosis before the chlamydial developmental cycle is complete. In addition, apoptotic or necrotic cells normally expose proteins and lipids on their surface that are recognized as "eat me" signals for ingestion by professional phagocytic cells [59, 140, 141] . Inhibition of premature hostcell death would thus protect the intracellular pathogen from such an unpalatable fate. Nonetheless, delayed spontaneous apoptosis of C. pneumoniae-infected neutrophils [142] may also lead to activation or prolongation of an immune response against the microbial organisms.
Conversely, host-cell death at later times may provide a means for releasing infectious EB at the end of infection cycle. Epithelial cells represent the preferential target cell for chlamydiae, and apoptotic bodies carrying chlamydiae may provide a "Trojan horse" strategy for transmitting the bacteria to new unsuspecting host-cells, as epithelial cells also express receptors that bind apoptotic cells and bodies [58, 143] . Consistent with this possibility, chlamydial infection disappears more quickly in Bax-deficient mice than in wildtype mice [119] , suggesting a role for Bax-dependent cell death in propagation of the infection. But cell death is not necessarily beneficial to chlamydiae in all cases, since ingestion of infected apoptotic cells by professional antigenpresenting cells such as macrophages and DC could also enhance the adaptive immune response against Chlamydia, as apoptotic bodies have already been shown to play a role in cross-priming CTL against mycobacterial infection [144] . Finally, at least some necrotic death most likely takes place even in infected primary cells, which would be detrimental to the efficiency of infection due to the pro-inflammatory effects of necrosis [145, 146] (Fig. 3) .
It is clear that most individuals mount an efficient immune response against chlamydiae that includes the activation of MHC class I-and class II-restricted T cells [147] [148] [149] [150] [151] [152] . Therefore, chlamydial antigens must be delivered to DC and other professional antigen-presenting cells at some stage during the infection. It is possible that some free chlamydiae may be internalized by macrophages and DC, when some RB are released together with EB at the end of the developmental cycle, or when noninfectious EB are produced. However, it also appears likely that infected cells dying during the course of infection may release both antigen and cellular debris, which could then be taken up by DC and used, together with either bacterial or cellular danger signals [153] [154] [155] , to initiate a T cell response. Although DC can phagocytose chlamydiae and present chlamydial antigens to T cells [156, 157] , antigens provided by dying cells might be more readily accessible, as apoptotic cells are also transported along the lymphatic vessels and can be processed in lymph nodes [144, 158] .
In conclusion, there is convincing evidence that chlamydiae can both protect host-cells against apoptosis and induce their subsequent death. The effects of both activities are not always beneficial to the pathogen, as inhibition or induction of host-cell death could also enhance both the adaptive and innate immune response against infection. Most of the studies conducted on chlamydial modulation of host-cell death have been performed in cells infected in vitro. Sorting out the consequences of cell death for pathogenesis, the efficiency of infection, and the immune response will require studies with mouse models in which the role of different components of the apoptotic machinery and different immune effector cells are investigated one by one. Fig. (3) . Effects of epithelial cell death on transmission of infection and activation of both the innate and adaptive immune response of the host. Infection by many intracellular pathogens leads to death of the host cell, most likely through a combination of apoptosis and necrosis. Necrosis leads to release of infectious pathogen, which can activate Toll-like receptors (TLR) on antigen-presenting cells (APC) and therefore stimulate the innate immune system. Concomitant release of danger signals (DS) such as ATP and uric acid and their binding to danger signal receptors (DSR) on APC leads to maturation of dendritic cells (DC) and secretion of pro-inflammatory cytokines by DC and other APC. Most pathogens express adhesins that can associate with adhesin receptors on neighboring cells, resulting in transmission of infection. Cells dying through apoptosis release apoptotic bodies that can contain viable pathogens or pathogen-derived antigens. APC that phagocytose the apoptotic bodies can process microbial antigens and present them on their surface via major histocompatibility complex (MHC) molecules, thus stimulating an adaptive immune response. Viable pathogens in apoptotic bodies can also be phagocytosed by new host cells, and thereby contribute to propagation of the infection through a "Trojan horse" strategy.
